Cascaded Raman lasers enable high powers at various wavelength bands inaccessible with conventional rare-earth doped lasers. The input and output wavelengths of conventional implementations are fixed by the constituent fiber gratings necessary for cascaded Raman conversion. We demonstrate here, a simple architecture for high power, fixed and wavelength tunable, grating-free, cascaded Raman conversion between different wavelength bands. The architecture is based on the recently proposed distributed feedback Raman lasers. Here, we implement a module which converts the Ytterbium band to the eye-safe 1.5micron region. We demonstrate pump-limited output powers of over 30W in fixed and continuously wavelength tunable configurations.
Cascaded Raman lasers enable high powers at various wavelength bands inaccessible with conventional rare-earth doped lasers. The input and output wavelengths of conventional implementations are fixed by the constituent fiber gratings necessary for cascaded Raman conversion. We demonstrate here, a simple architecture for high power, fixed and wavelength tunable, grating-free, cascaded Raman conversion between different wavelength bands. The architecture is based on the recently proposed distributed feedback Raman lasers. Here, we implement a module which converts the Ytterbium band to the eye-safe 1.5micron region. We demonstrate pump-limited output powers of over 30W in fixed and continuously wavelength tunable configurations.
Fiber lasers have drawn significant commercial interest over the last decade due to high reliability, power scalability and robustness and are deployed widely in industrial, defense and scientific applications [1] . The superior value proposition offered by fiber lasers such as high brightness, better thermal properties, compactness and ruggedness have enabled its acceptance in these domains. However, fiber lasers based on rare-earth dopants have serious limitations. For example, high power laser emission is primarily at certain fixed wavelengths corresponding to Ytterbium (1μm), Erbium (1.5μm) and Thulium/Holmium (2μm). Also, power scalability has largely been limited to Ytterbium (Yb) emission window (1μm). Several important applications require high power fiber lasers at wavelengths other than those above, where there are no rare-earth doped fiber lasers available or limited in power scaling. For example, high power 1.5μm fiber lasers have attractive properties such as eye safety and atmospheric transparency [2] . Conventional rare-earth doped fiber lasers at 1.5μm wavelength region are based on Erbium (Er) and Erbium and Ytterbium co-doped (EY) fibers. These are limited in power scaling due to increased thermal load, progressive degradation of beam quality with power and if EY fiber is used, parasitic lasing from Yb ions when pumped at 980nm. For pumping in-band, the limitations are unavailability of low cost and high efficiency pump sources and the inability to increase gain by increasing the doping concentrations. This is due to detrimental concentration quenching and ion pair formation effects which occur at higher concentrations [3, 4] . Another serious drawback of rare-earth doped fiber lasers is their limited wavelength tuning range corresponding to the emission spectra of the constituent rare-earth ion. It would also be desirable to have widely tunable lasers at a variety of wavelength bands.
Cascaded Raman fiber lasers provide a convenient power scalable route for generating high optical powers at a variety of wavelengths [5] . This is due to the availability of gain based on stimulated Raman scattering at any arbitrary wavelength within the transmission spectrum of optical fiber. Conventionally, Raman fiber lasers used a cascaded Raman resonator (CRR) for wavelength conversion. A high power Yb doped fiber laser was used as the pump source [5] . A cascaded Raman resonator is constituted of nested cavities at each of the intermediate Stokes wavelengths and is formed with pairs of fiber Bragg gratings with a high nonlinearity fiber referred to as Raman fiber in between. Even though conventional Raman fiber lasers are simple and straight forward to implement, they are limited in power scaling due to the inherently lossy nature of CRR. More than 100W at 1480nm has been demonstrated with an optical to optical conversion efficiency of ~ 48% starting from 1117nm [6] , reasonably lower than the quantum limited efficiency of 75%. Further, these lasers tend to become unstable at higher power operations showing oscillations in the output power due to coupling between the cascaded Raman resonator and the rare-earth doped fiber laser [7] . In 2013, an efficient and reliable architecture was proposed which works based on the single pass cascaded Raman amplification [8] seeded at all the intermediate Stokes wavelengths with a low power cascaded Raman laser. An output power of more than 300W was demonstrated at a conversion efficiency from 1117nm to 1480nm of 64% [9] . However, the system required an additional secondary, lower power cascaded Raman laser to seed the intermediate Stokes wavelengths to achieve conversion in a single pass. This made the system more complex. This issue was overcome recently with a simplified, all passive cascaded Raman conversion module. Here, a fraction of the power from the main laser is used to power the secondary cascaded Raman laser necessary for generating the intermediate Stokes wavelengths [10] .
However, in all the previous work on cascaded Raman lasers, their input and output wavelengths are fixed and decided by the fiber Bragg gratings used in the cascaded Raman conversion module. This is a rather serious limitation since a new module is necessary when the input wavelength is changed. Such an approach is not practical since this requires different fiber Bragg grating sets for each input-output combination. Fabrication process of such high power handling cascaded grating sets is complicated and hence such an approach is not convenient and cost effective. It is highly desirable to have a passive, cascaded Raman conversion module which is completely color blind to the input pump source, and should generate the desired output wavelength with high power and reliability. Recently, such a passive cascaded Raman conversion module, independent of input wavelength has been proposed by Babin et al [11, 12] . They have demonstrated a cascaded Raman fiber laser, based on distributed random feedback due to Rayleigh back scattering occurring all along the length of the passive Raman gain fiber. Since the distributed feedback due to Rayleigh back scattering is present at any arbitrary wavelength, such systems naturally provide wavelength flexibility as their output wavelength can be changed by just changing the input pump wavelength. These systems have been further developed by the group of Yan Feng [13, 14] . More details on random distributed feedback fiber lasers is available in [15] . However, the above mentioned distributed feedback cascaded Raman fiber lasers are limited in power scaling. The reason for limited power scaling is either due to conversion of the desired wavelength to the next higher order stokes and/or due to the generation of a supercontinuum as the cascaded stokes conversion moves to the anomalous dispersion region of the passive fiber used for Raman gain. For example, a maximum of ~10W in a 3 rd order Raman laser using a polarization-maintaining fiber at 1.23μm wavelength in [12] and <8W across the bandwidth in a Raman laser [14] has been demonstrated. Thus, in contrast to output powers achieved with other types of cascaded Raman lasers previously, the output powers with distributed feedback based Raman lasers is limited. In this work, we overcome these problems and demonstrate a high power, grating-free, cascaded Raman conversion module which is independent of the input pump wavelength. This proposed module provides a technique to perform conversion from an arbitrary input wavelength band into a longer arbitrary output wavelength band provided it is in the transmission region of the optical fiber. Here, we implement a module which converts the Ytterbium band (1050-1120nm) to the eye-safe 1.5micron region. We demonstrate pump-limited output powers of over 30W in fixed and continuously wavelength tunable configurations with the same module. Figure 1 shows the schematic of the module. The input consists of a high power Yb doped fiber laser. Any conventional Ytterbium doped fiber laser off the shelf can be utilized for this purpose. In this work, we use three different sources. Two fixed wavelength Ytterbium lasers operating at 1117nm and 1080nm and a tunable laser operating in the emission band of Ytterbium. A long length (~350m) of high Raman nonlinearity fiber with additional filtering properties is used. This fiber, referred to as Raman filter fiber [6] is used to provide Raman gain as well as random distributed feedback. The unique properties of the Raman filter fiber, as shall be shown enable the overcoming of issues faced by previous work. The output end of the Raman filter fiber is cleaved at an angle >8 0 to avoid Fresnel backward reflection. A fused fiber wavelength division multiplexer (WDM) is used to launch the pump source into the fiber. Distributed backscatter in the shifted wavelengths is also efficiently separated by the WDM and recoupled back to enable seeded, preferential forward cascaded Raman conversion. Since Raman gain is large, a simple flat-cleave which provides a 4% Fresnel reflection is sufficient for feedback as shown in the figure. The Flat cleave along with Raman filter fiber forms a half -open random cavity and enables high efficiency cascaded Raman conversion. The WDM used is a 1117/1480nm WDM which works between the input band at Ytterbium wavelengths and the 1.5micron region. The choice of the WDM is not exact and any WDM operating between the two bands can be used. Fig. 1 . Schematic of the grating -free, passive, cascaded Raman conversion module; WDM -wavelength division multiplexer.
The Raman filter fiber used eliminates the two issues mentioned previously which hampered power scaling. The fiber has a cut-off wavelength beyond which the transmission loss in the fiber becomes very high (> 10dB/m). This effectively terminates the cascade to the required wavelength band adjacent to the cut-off wavelength. The filter fiber is based on a W-shaped index profile which when coiled provides an enhanced wavelength dependent loss profile due to bending. The fiber used in our experiment is from OFS and was coiled to a 9cm diameter which resulted in high distributed bending losses for wavelengths greater than 1520nm [8] . Further, the Raman filter fiber used is of low effective area (12μm 2 ), and high NA (~0.2) due to which, the zero dispersion wavelength is shifted towards longer wavelengths (>1800nm) and provides very high normal dispersion of ~-80ps/nm.km over a broad wavelength range. This property prohibits the generation of supercontinuum by not allowing nonlinearities such as modulational instability which is needed to kickstart this process. Fig. 2 shows the results of the first experiment when the grating-free module is pumped with a fixed wavelength laser at 1117nm. The output power Fig 2(a) and spectral characteristics Fig 2(b) are shown. Since the cutoff of the filter fiber is at 1520nm, this source converts 1117nm to 1480nm corresponding to a 5 th order cascaded Raman convertor. The output power characteristics exhibit a typical laser behavior with almost zero output 1480nm power till the threshold is reached. After the threshold, the output 1480nm power grows quickly with the input pump power. The next higher order stokes of 1480nm is 1590nm which falls in the high loss region of the Raman filter fiber. Here, the Raman gain is far below the loss and thereby its generation is suppressed . Fig 2(b) shows the normalized output spectrum at full power in linear scale. More than 95% of output power is present in the final stokes indicating a very high degree of wavelength conversion. The maximum input pump power at 1117nm coupled into the high power, grating-free cascaded Raman converter was ~90W, for which a maximum output power of ~43W at 1480nm was obtained. This corresponds to a conversion efficiency of ~48% from input 1117nm pump to output 1480nm laser signal. The WDM used in our experiments was non-ideal and provides more than 1dB of insertion and cross coupling loss to the input pump signal thereby reducing the coupled pump power into the Raman conversion module. Also, the splice between the WDM and the Raman filter fiber was not optimized which also provides considerable loss to the pump signal. The efficiency can be further enhanced by addressing these issues. The 4% Fresnel reflection at the flat cleave is sufficient enough to seed the cascaded conversion entirely in the forward direction and the backward power coming from the flat cleave is negligible compared to forward generated power. This has already been demonstrated in [16] .
In order to demonstrate the agility of our cascaded Raman conversion module, we have used another high power Yb doped fiber laser operating at 1080nm as a pump source. This resulted in a 6 th order cascaded Raman conversion to 1511nm. Fig. 3(a) shows the normalized spectrum for two input pump sources used at 1080nm (blue) and 1117nm (red). Fig. 3(b) shows the output wavelength band around 1.5micron. Wavelength conversion to the final stokes of 1480nm and 1511nm has been achieved. Fig. 3(c) shows the plot of normalized pump and Raman spectra together indicating the wavelength band conversion from 1μm to 1.5μm. The conversion efficiency achieved from 1080nm to 1511nm was ~41% with an output power of ~33W for input pump power of 85W. The output power of the 1080nm source was lower than the 1117nm source resulting in reduced coupled power. The corresponding quantum limited conversion efficiency from 1080nm to 1511nm is ~71%. The demonstrated output powers are currently limited only by the available input pump power. Recently, using a similar, cascaded Raman conversion module based on distributed feedback, an output power of 100.1W at 1806nm has been demonstrated [17] . This corresponds to 9th order Raman stokes starting from a fixed pump wavelength of 1064nm. Here, the authors utilize conventional Raman fiber and have exploited the enhanced inherent losses of Silica Raman fiber at longer wavelengths as a natural filter fiber. However, with this principle, the cut-off wavelength and thus optimal operating band is fixed. In this work, by the choice of a designed filter fiber, an arbitrary cut-off wavelength and operating band can be achieved. In order to demonstrate wavelength tunability with the same cascaded Raman conversion module, we have used an in-house built high power, continuously tunable (1050-1100nm) Yb doped fiber laser [18] as a pump source. Fig. 4(a) shows the schematic of the architecture, a tunable Yb fiber laser based on a master oscillator power amplifier (MOPA) configuration (shown in inset) is the pump source. In the current experiment, the pump source could consistently couple between 85 to 90W into the cascaded Raman conversion module at all its operating wavelengths. Fig 4(b) shows the operating principle of tunable cascaded Raman fiber laser. The tunable Yb doped fiber laser undergoes Raman cascading to longer and longer wavelengths, till it gets terminated by the cut-off of the filter fiber. This results in the band conversion of the input Ytterbium band to the output band decided by the cut-off of the filter fiber. In our experiment, we operated the tunable laser from 1065-1100nm in steps of 5nm to full power and the corresponding output spectra was recorded. In our experiment, because the cut-off of the Raman filter fiber at 1520nm which corresponds to an input pump wavelength of 1085nm, 6th order Raman stokes shift is observed for input pump wavelengths till 1085nm and 5th order Raman stokes shift is observed for pump wavelengths greater than 1085nm. 5(a) ). Even though our pump wavelength tuning range (1050-1100nm) corresponds to one Raman shift, in experiments, we have operated it from 1065-1100nm. This resulted in a gap between 1450nm to 1486nm in output tuning range. For pump wavelengths between 1050-1065nm, we did not attempt full power scaling due to the heating of the isolator from enhanced ASE noise. By suitable choice of the isolator and improved amplifier design, the gaps in the tuning of output wavelength can be eliminated. The output powers are limited by the input pump power. To the best of our knowledge, achieved output power values have been the highest in tunable cascaded Raman fiber lasers. Fig.  5(b) shows the normalized output spectrum in linear scale. The broadening of the spectrum is wavelength specific and it is seen that at the middle, the broadening is maximal. The reason is that at these wavelengths, the output power is comparatively higher and the cut-off of the filter fiber is farther away from the emission wavelength. Since the Raman gain is substantial over a wide bandwidth, this results in a characteristic Raman gain broadened shape. As the wavelength get closer to the filter fiber cut-off or the power reduces, the linewidth narrows reasonably.
In summary, we have demonstrated an all passive, grating-free, cascaded Raman conversion module which can convert any Yb doped fiber laser operating at 1μm wavelength region to 1.5μm wavelength region. We demonstrated the module with fixed wavelength, high power, grating-free, cascaded Raman fiber lasers at 1480nm and 1511nm with 43W and 33W of output power by using fixed wavelength Yb fiber lasers at 1117nm and 1080nm. And by using a high power tunable Yb fiber laser as pump source, high power tunable cascaded Raman fiber laser with >30W of output power between 1450-1510nm was demonstrated. In this work we have demonstrated the wavelength band conversion from 1μm wavelength region to 1.5μm wavelength region, however, this approach can be easily modified (through the modification of the cut-off wavelength of the filter fiber) to achieve high power wavelength band conversion at any arbitrary wavelength region within the transmission window of the silica fiber. 
